Abstract. Data collected during the Boreal Ecosystem-Atmosphere Study (BOREAS) at four different forest stands were used to test surface energy and carbon fluxes simulated by the Integrated Biosphere Simulator (IBIS). These stands included deciduous and conifer species and were located in both the BOREAS northern and southern study areas. Two runs were made: one using the original IBIS model and the other using a version modified to consider an organic soil layer (OSL) covering the mineral soil surface. Results show that the inclusion of the OSL substantially improved the simulation of soil heat flux, as well as of temperature and moisture in the topmost soil layer. Simulations show that latent and sensible heat fluxes, and net ecosystem exchange of carbon, were not affected appreciably by the presence of a thin (10 cm or less) OSL covering the forest floor. With a thick (50 cm) OSL, however, simulation of latent heat flux and net ecosystem exchange of carbon was substantially improved. Consideration of the OSL in the model also led to better simulation of the onsets of soil thawing. Correct estimation of heat diffusion to deep soil through thick organic layers requires a parameterization that accounts for the state of the organic material decomposition. Simulations presented here also show the necessity for using detailed information on soil physical properties for better evaluation of model performance. 
Introduction
Characteristics of vegetated terrestrial surfaces influence weather, climate, and atmospheric composition through their effects on exchanges of radiation, heat, water, momentum, and carbon [Shukla and Mintz, 1982; Pielke et al., 1997; Hogg et al., 2000] . For the last three decades, considerable modeling effort has been invested in understanding these influences. During this time, land surface parameterization models developed primarily for implementation in Atmospheric General Circulation Models (AGCMs) have evolved from simple aerodynamic bulk transfer formulae and uniform prescriptions of surface parameters (e.g., albedo, aerodynamic roughness, soil moisture) [Manabe and Bryan, 1969; Schneider and Dickinson, 1974 ; Manabe and Wetheraid, 1987 ] to more realistic representations of terrestrial biophysical processes (e.g., SiB of Sellers et al. [1986] and CLASS of l/erseghy et al. [1993] ). More recently, process-based biophysical models have also taken into account photosynthesis and plant water relations to provide a more internally consistent description of the coupled fluxes of energy, water, and carbon (e.g., the revised land surface scheme In the study reported here, the performance of IBIS operating in a stand-alone mode was investigated for different forests types located within the Boreal Ecosystem Atmosphere Study (BOREAS) region [Sellers et al., 1997] . These forest sites, located both in the southern and the northern study areas (SSA and NSA, respectively), are known within the BOREAS liter- Figure 1 . Schematic illustration of the water balance, the carbon balance, and the energy balance calculations performed by IBIS. The following terms of the terrestrial water and energy budgets are explicitly simulated' evapotranspiration (ET), which is the sum of transpiration (T, and T•), evaporation from the soil surface (Ex), evaporation of water intercepted by vegetation canopies (Ei, and Ei•); runoff, soil water infiltration, subsurface drainage; latent, sensible, and soil heat fluxes; upward shortwave and longwave radiation; net carbon assimilation; autotrophic (root) and heterotrophic (microbes) respiration. Precipitation (P' rain + snow), downward shortwave and longwave radiation, and atmospheric CO2 concentration are prescribed. The subscripts u and l refer to the upper and lower canopies, respectively. ature as the northern old black spruce (NOBS), southern old jack pine (SOJP), southern old-aspen (SOA), and southern young aspen (SYA) stands. Within the North American boreal, forest dominated by black spruce (Picea mariana (Mill.) B.S.P.) is most common [Larson, 1980] , although aspen (Populus tremuloides Michx.) is the dominant deciduous species. In the BOREAS region, jack pine (Pinus banksiana Lamb.) is the secondmost common coniferous species. The BOREAS data therefore provide an important basis for validating IBIS when applied to high-latitude forest ecosystems. Only when such studies have confirmed that the model is able to provide realistic responses to present-day climate for a range of ecosystems will it be appropriate to use it to assess effects of possible climatic changes on forest processes and distribution.
Model Description
Version 2.1 of IBIS [Kucharik et al., 2000 ] was used in this study. This model is hierarchically organized to allow for explicit coupling among ecological, biophysical, and physiological processes operating at different timescales [Foley et al., 1996] . Heat, momentum, and water exchanges are computed using the LSX land surface scheme model of Pollard and Thompson [1995] . LSX borrows its main structure from the SiB and BATS [Dickinson et al., 1986 ] models, simulating two vegetation layers (corresponding to upper and lower canopies), and six soil layers with horizon thicknesses of 0.1, 0.15, 0.25, 0.50, 1.0, and 2.0 m, respectively. IBIS simulates carbon exchange and stomatal regulation of both Cs and C4 plant species according to a semimechanistic approach based on physiological evidence [Farquhar et al., 1980; Ball et al., 1986; Collatz et al., 1991 Collatz et al., , 1992 . Net ecosystem exchange (NEE) is computed as the difference between carbon taken up by the vegetation through gross (canopy-level) photosynthesis and carbon lost through plant respiration of foliage, wood, and roots and through microbial decomposition of litter and soil organic matter. For all the simulations reported here, vegetation was treated as "static" in the IBIS vegetation dynamics module; i.e., no change in stand structure was assumed to occur during the periods for which simulations were performed. Figure 1 provides a schematic description of the LSX land surface scheme as coupled with the photosynthetic model of Collatz et al. [1991] For each hourly time step, IBIS simulated the energy and C balances using the following forcing variables: air temperature, hourly total precipitation, wind speed, humidity, incoming short-wave and long-wave radiation, and surface air pressure. Incoming long-wave radiation, whenever missing, was estimated using the formula of Satterlund [1979] . Occasional data gaps were filled using mesonet station data [Shewchuk, 1997] . In addition, site-specific regression equations, derived from measured data, that expressed net radiation as a function of incoming shortwave radiation, were used to fill very occasional gaps in shortwave radiation time series.
The data used to initialize the model are shown in Table 1 .
Soil temperature data were available for all sites. For the SOA site, measured soil moisture was used to initialize the model. Table 1 ). For the SYA site we used the same thickness as that reported for SOA. At the SOA, SYA, and SOJP sites, only the top layer of the six model layers was treated as organic, but at NOBS the top four layers were all treated as organic, replacing the corresponding mineral soil layers. Moreover, when presence of organic soil was simulated, surface albedo was set equal to 0.1 (i.e., it was treated as a moist dark soil as defined in Table 6 .4 of Brutsaert [1982] Heat capacity of dry organic material (0.58 MJ m -3 K -•) and thermal conductivity (0.06 W m -• K -•) were taken from Guyot [1997] . Because of the lack of information on the partide size distribution (or degree of decomposition) of the organic matter layers at the study sites, saturated hydraulic conductivity and the soil b parameter (i.e., the exponent for the Campbell moisture release equation [Campbell and Norman, 1998 ]) were assumed to be the same in both sets of simulations: i.e., with and without the simulated soil organic layer. Data for saturated hydraulic conductivities at each site were obtained from Cuenca [1997] . Figures 3c, 3d , and 4b) is higher than for sensible heat flux (H) (Figures 3a, 3b , and 4a) and soil heat flux (G) (Figures 3e, 3f, and 4c Figures 3e, 3f, and 4c) Another source of the nighttime respiration discrepancy could originate from the soil carbon density data reported by Gower et al. [1997] , that were used to initialize the model, and which affect soil respiration. These data (see Table 5 Table 2 ), the ratio of observed to modeled NEE is -0.81, compared to -0.54 for the period when trees are leafless and NEE indicates net carbon release (NEE-2 in Table 2 ). Simulated wintertime CO 2 effiux is generally much higher than it should be, suggesting that the temperature response of the soil respiration model is too shallow. While including the OSL substantially improved the simu-lation of G, turbulent fluxes (H and LE) were virtually unchanged (Figures 3a-3d , 4a, 4b, and Table 2 ). Average NEE increased by -10% in response to the simulated OSL, although this response was restricted almost entirely to the growing season (Table 2 ). The explanation for this appears to be that the organic layer increased water infiltration and reduced runoff, thereby increasing soil surface water availability (Figure 6c) and reducing vegetation drought stress. This in turn led to a reduction in the seasonal constraints on vegetationatmosphere exchanges of water and carbon. The model was able to reproduce stem temperature successfully (Figure 6b ), whereas soil temperature was generally overestimated, but particularly in the topmost soil layer. This was due partly to the inconsistencies in the numerical solution of skin temperature mentioned previously. Adding the OSL to the original model resulted in greater soil moisture content in the top soil layer, however, which led to increased heat capacity and decreased soil surface soil temperature (Figures 6a and  6b) . It should be borne in mind, however, that the results obtained from the IBIS + osl run are dependent on the value estimated for the saturated hydraulic conductivity of the organic layer (see section 4). Moreover, the observations did not show any significant soil moisture increase in response to the high rainfall (-60 mm) recorded on Julian days 188 and 189 (Figure 6c ), which suggests a problem in data acquisition during this period.
Comparison of Observed and Simulated Data
Temperature of the 50-100 cm soil layer was also overestimated by the simulation between days 250 and 350. This suggests poor representation of heat diffusion to deep soil after the latter reached its peak temperature in the summer.
SYA Site
Reasonable agreement between simulated and observed fluxes of R• and LE was obtained, although R• was slightly underestimated during nighttime (Figures 7a, 7b, 7e, and 7f) . In general, H was overestimated, but particularly at night (Figures 7c and 7d ; see also Table 2 ). This nighttime exaggeration could be due to simulated release of heat stored in the canopy during the day. Daily stored energy is also likely to be partly released in the form of evaporation of water at night ( Figure  7f ). These nighttime releases would then cause, in turn, a systematic underestimation of nighttime R• for the SYA site (Figure 7b) as well for the other sites (Table 2 ). Figure 7d also shows that the diurnal course of simulated H generally lagged the observational data. As reported above, this originates from the delayed transfer of soil temperature information into the atmospheric boundary layer calculations. Nevertheless, as with the SOA site, simulating an organic surface layer caused a significant improvement in modeled soil heat flux, both tightening the distribution of points and shifting the regression slope closer to the 1:1 line (Figures 7g and 7h) .
SOJP Site
R• was simulated correctly during the day but underestimated at night (Figures 7a and 7b ; diurnal cycle is not shown (see section 5.2. for illustration)). As for the deciduous forest sites (SOA and SYA), LE was generally better simulated than H (Figures 8c-8f) . The disagreement between observed and simulated H around midday was smaller, however, than at the deciduous forest sites. The existence of measured data on canopy heat storage for this site allows verification of the explanation given in section 5.1 concerning underestimation of midday H by the model. Figure 9 shows clearly that when energy received by the surface was close to maximum, the simulated canopy heat storage could exceed 100 W m -2. Conversely, during the night the model simulated greater release of stored energy than observed (Figure 9) , causing H to be overestimated (Figures 8c and 8d) . Introducing the OSL produced no significant improvement in simulated H and LE fluxes, although G was substantially improved and to a greater extent than at the deciduous sites (Figures 8g and 8h) .
The largest discrepancy between measured and simulated NEE was also obtained around midday (Figures 8i and 8j ; diurnal cycle not shown). Nighttime respiration was correctly simulated, however, which supports the hypothesis that the simulation of temperature effects on canopy respiration, during daylight periods in both coniferous and deciduous ecosystems, requires further modelling effort.
Soil temperature was generally exaggerated by the model at this site (Figure 10) . Furthermore, the discrepancy between observed and simulated soil temperatures increased with depth, suggesting that soil thermal diffusivity was significantly lower in reality than implied by the values used in the model. This conclusion was confirmed by simulating the OSL, which improved agreement for the upper soil layers (depths to 25 cm), but still resulted in appreciable overestimation of average temperatures.
NOBS Site
In the northern boreal region, soil organic layers are typically deeper than 50 cm [Clayton et al., 1977] . Hence, for the NOBS site located in the BOREAS-NSA, thickness of the OSL was set to 50 cm for the IBIS + osl run, corresponding to the top three soil layers in IBIS. Porosity, field capacity, and wilting point data (in terms of volumetric water content) were taken from Nijssen et al. [1997] (Table 1 ). The standard IBIS run, i.e., assuming only mineral soil at the surface was carried out using a silty clay soil texture, corresponding to that used in IBIS for global simulations (see section 3).
As with the other sites, observed R• was simulated better for daytime than nighttime (Figures 11a and 11b) . Including the organic layer resulted in almost no changes in simulated H (Figures 1 lc and 1 ld) , but produced significantly better prediction of LE (Figures 11e and 11f) . The major contributing factor for the improvement in LE was the reduction of G (Table 2 ; note that measurements of G were not available for this site), which resulted from the greater moisture storage capacity in the 50 cm OSL, compared to the lower porosity of the mineral layers. Comparison of observed and simulated mean Bowen ratios for this site and for OJP shows that both are greater than 1.0 (Table 2) , whereas those for the deciduous sites were typically much lower.
According to the Collatz [1991, 1992] model used in IBIS, changes in stomatal conductance to water vapour lead directly to changes in COx uptake. The improvements in LE resulting from including the OSL in the NOBS simulations therefore also appear to contribute to improved simulation of NEE, with both a higher mean and a wider range between minimum and maximum values (Figures 11g and 11h) . As with the SOA and SOJP sites, however, NEE values around midday were overestimated. When integrated over the whole period, the total simulated NEE indicates a slight carbon source when no organic layer is included (Table 2) (SOJP and NOBS). A sensitivity test and comparison with measured canopy heat storage data showed that this problem could be related to the physical parameterizations used to represent heat transfer between vegetation and atmosphere. Evidently, further work is required to improve the representation of canopy heat storage in the model. Net ecosystem exchange of carbon (NEE) was generally simulated acceptably, although for the SOA site, summer and winter estimates showed appreciable bias compared to the means of all data (see Table 2 ). Furthermore, midday assimilation was generally overestimated, which appears to be due to underestimation of daytime respiration rates. The origin of this problem is not easy to determine: it could result from underestimation of soil respiration temperature coefficients (we do not have measured soil respiration data), or it could be due to undereslimating soil carbon content (see above, section 5.1.). Future analyses based on field measurements are required. Careful validation of the soil biogeochemistry component of IBIS against extensive field measurements of soil respiration should to help to resolve this problem.
Simulated ecosystem respiration was also evidently overestimated during the winter period at SOA. This, combined with a general tendency to overestimate nighttime respiration, may suggest that the temperature responses for respiration (of soil and/or vegetation) are too shallow. Furthermore, for a better evaluation of NEE simulated by such DGVMs, more complete understanding is needed of the problems in using eddy correlation over tall canopies at nighttime when wind speeds are low, available energy is small and atmospheric stability is high [e.g., Lee, 1998; Baldocchi et al., 1998 ]. Hence it is to be expected that the model can be further improved as technical measurement problems are resolved or alternative techniques are developed.
Both observed and simulated mean Bowen ratios for coniferous sites (SOJP and NOBS) were greater than 1.0, whereas those for the deciduous sites were typically much lower. This demonstrates that IBIS is able to reproduce correctly one of the fundamental differences between deciduous and coniferdominated boreal ecosystems. The importance of predicting these differences in the Bowen ratio successfully is related to The results of this study also showed the importance of including an organic layer in simulating surface energy carbon fluxes for boreal forest stands. The presence of surface organic material affects soil moisture and temperature, as well as soil heat flux, soil thawing, surface energy partitioning, and sur-face-atmosphere carbon exchange. For instance, inclusion of the OSL in the model led to appreciable improvements in simulated soil heat flux and surface temperature, providing an additional explanation for why existing land surface models tend to overestimate soil "skin" temperature and downward soil heat flux. Betts et al. [1993] and Chen et al. [1997] related this problem to the numerical algorithms adopted to solve the surface energy balance (see also Beljaars [1991] for numerical details). Results for soil temperature at the NOBS site also showed that the inclusion of a surface organic layer delays the start of thawing, which in turn affects soil moisture availability, although it is clear that with increasing depth, the simulation of this delay is much less satisfactory (see Figure 12d ). This effect is of considerable interest because several studies have demonstrated the importance of correct estimation of soil moisture content on the Bowen ratio, which in turn affects the development of the atmospheric boundary layer, and hence both local and regional atmospheric conditions (an extensive review can be found in the work of Betts et al. [1996] ). Moreover, Goulden et al. [1998] showed the importance of soil depth and thaw on boreal forest carbon balance. It will be particularly important in spatial modeling therefore that the physical characteristics of both mineral and organic soil layers be properly parameterized. In order to achieve this difficult goal a starting point could be to test land surface parameterizations at a range of sites, using measured data for the vertical distributions of soil texture, soil thermal and hydraulic properties, soil carbon content, and root biomass. Unfortunately, extensive data sets containing reliable values for these variables are not generally available. Future field campaigns should attempt to report such information, as suggested also by Delire and Foley [1999] . For instance, some of the disagreement between observed and simulated soil temperature and moisture, and hence energy and carbon fluxes, obviously originates from the use of a constant soil texture profile in our simulations. Concerning surface organic material, Enrique et al. [1999] attempted to quantify the effect of plant-residue mulch on energy exchange between a grassland ecosystem and the atmosphere. A comparable, physically based, approach could be developed for forest canopies, but for organic material in varying states of decomposition.
The importance of these effects of the organic surface layer on simulated exchanges of water and carbon is, of course, dependent upon its thickness. This study shows that consideration of the OSL in the model has only a minor effect on simulated water and carbon fluxes, for both deciduous and coniferous sites where the organic material thickness does not exceed a few centimetres. For the northern black spruce site, however, where the organic layer is 50 cm thick, the simulation of both latent heat flux and NEE were substantially improved when this was taken into consideration in the model. This study confirms and builds upon similar work by Delire and Foley [1999] who applied IBIS to other vegetation types including grassland and tropical forest ecosystems. Such studies help to confirm the validity of the process components of IBIS and hence its value as a global ecosystem simulator. Although other aspects of the model still require validation, e.g., competition and phenology, validations such as ours have two major benefits. First, they increase confidence that the use of dynamic vegetation simulators will improve the representation of land surface effects when coupled to GCMs, and hence allow climate modelers to improve predictions of how vegetation feedbacks may affect climate as the climate changes. Second, they provide a very good basis for estimating the probable errors in simulations of canopy exchange processes at regional and global scales.
